Abstract Using basic probability theory, we show that there is a substantial likelihood that even in the presence of strong purifying selection, there will be a number of codons in which the number of synonymous nucleotide substitutions per site (d S ) exceeds the number of non-synonymous nucleotide substitutions per site (d N ). In an empirical study, we examined the numbers of synonymous (b S ) and nonsynonymous substitutions (b N ) along branches of the phylogenies of 69 single-copy orthologous genes from seven species of mammals. A pattern of b N >b S was most commonly seen in the shortest branches of the tree and was associated with a high coefficient of variation in both b N and b S , suggesting that high stochastic error in b N and b S on short branches, rather than positive Darwinian selection, is the explanation of most cases where b N is greater than b S on a given branch. The branch-site method of Zhang et al. (Zhang, Nielsen, Yang, Mol Biol Evol, 22:2472-2479 identified 117 codons on 35 branches as "positively selected," but a majority of these codons lacked synonymous substitutions, while in the others, synonymous and non-synonymous differences per site occurred in approximately equal frequencies. Thus, it was impossible to rule out the hypothesis that chance variation in the pattern of mutation across sites, rather than positive selection, accounted for the observed pattern. Our results showed that b N /b S was consistently elevated in immune system genes, but neither the search for branches with b N >b S nor the branch-site method revealed this trend.
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Keywords Immune system evolution . Non-synonymous substitution . Positive Darwinian selection . Stochastic error . Synonymous substitution Natural selection takes two major forms: (1) purifying selection, which acts to eliminate deleterious mutations, and (2) positive (Darwinian) selection, which favors genotypes conferring a fitness advantage on the organism (Hughes 1999) . Positive selection in turn can be either directional (tending toward fixation of a favored allele) or balancing (maintaining a polymorphism). There is evidence that as predicted by the neutral theory of molecular evolution, purifying selection is the predominant form of natural selection at the molecular sequence level (Kimura 1977) . In most protein-coding genes, the number of synonymous nucleotide substitutions per site (d S ) exceeds the number of non-synonymous nucleotide substitutions per site (d N ), evidence that purifying selection has acted to eliminate a substantial fraction of non-synonymous mutations (Nei 1987; Hughes 1999) . Hughes and Nei (1988) used comparison of d S and d N to test Doherty and Zinkernagel's (1975) hypothesis that the polymorphism of classical class I major histocompatibility complex (MHC) loci is maintained by balancing selection relating to disease resistance. They reasoned that if positive selection favors amino acid diversity in the peptide-binding region (PBR) of the molecule, one might see a pattern of d N > d S in the codons encoding the PBR. The results for the PBR matched this prediction, whereas in the remainder of the gene, d S > d N as in most genes (Hughes and Nei 1988) . Similar results were found for class II MHC loci as well (Hughes et al. 1994) . Comparison of d S and d N was also used to test the hypothesis that recognition by the class I MHC and cytotoxic T lymphocytes (CTL) selects for escape variants in CTL epitopes within viral proteins, most notably in an experimental system involving Simian immunodeficiency virus (SIV) infection of rhesus monkeys (O'Connor et al. 2004) .
As a result of these studies, it has frequently been asserted that a pattern of d N > d S is a "signature of positive selection" and that searching sequence data sets for this pattern represents a way of discovering genes that have been subject to positive selection in the past. On the other hand, Hughes and Friedman (2005) argued that because of the stochastic nature of the mutational process, a substantial fraction of codons are likely to show d N > d S by chance alone; thus, d N > d S cannot accurately be called a "signature of positive selection." Moreover, it has been pointed out that both the studies of the MHC and CTL escape in SIV constituted tests of an a priori hypothesis, based on biological reasoning, rather than an undirected "fishing expedition" in search of a particular pattern of nucleotide substitution (Hughes et al. 2006; Hughes 2007) . Despite these problems, studies that report searches for either branches of phylogenetic trees or individual codons with d N > d S have become increasingly common, filling the literature with numerous claims of positive selection for which no biological basis is apparent (Hughes 2007) .
In this paper, we examine aspects of synonymous and nonsynonymous substitution in the light of simple probability theory and show that a substantial fraction of codons are likely to d N > d S by chance alone, as suggested by Hughes and Friedman (2005) . In addition, using analysis of a set of 69 single-copy orthologous genes, including 30 with immune system function, from each of seven mammalian species, we illustrate some problematic properties of two commonly used approaches used to test for positive Darwinian selection: (1) comparison of the number of synonymous nucleotide substitutions per synonymous site (b S ) and the number of non-synonymous substitutions per non-synonymous site (b N ) along individual branches of a phylogenetic tree and (2) socalled codon-based methods, which search for codons with d N >d S (Yang 1997 (Yang , 1998 Yang et al. 2005) , in particular the so-called branch-site methods, which search for individual codons at which d N exceeds d S along a given branch of a phylogenetic tree (Zhang et al. 2005) .
A number of studies have compared estimates of b S and b N along individual branches of a phylogenetic tree as a means of testing for positive selection. In some studies of individual branches, statistical methods have been used to provide a test of the hypothesis that b S =b N along a given branch (e.g., Zhang et al. 1998) . In other cases, however, the occurrence of any branch where b N exceeds b S has been taken as evidence of positive selection along that branch, either with no attempt to test statistically the null hypothesis that b S and b N are equal (e.g., Evans et al. 2006) or in the absence of statistical significance (Wang and Su 2004) .
The branch-site methods provide an alternative approach to studying positive selection along a given branch or set of branches in a phylogenetic tree, and in this case, a likelihood ratio test can be used to compare a model incorporating the supposed effects of positive selection to a model not incorporating those effects (Zhang et al. 2005) . These methods make the questionable assumption that the existence of one or more codons with d N >d S implies positive selection.
When non-synonymous substitution is elevated in a certain set of codons or along a given branch of a tree, a biologically relevant alternative to the hypothesis of positive selection is the hypothesis of reduced functional constraint (in other words, a relaxation of purifying selection). It is particularly important that the latter hypothesis be ruled out in cases where elevated nonsynonymous substitution is proposed to play a role in the evolution of some major phenotypic adaptation. For example, several recent studies have focused on loci at which mutations are known to play a role in adult brain size in humans, including microcephalin and ASPM, and elevated b N has been taken as evidence for the adaptive evolution of increased brain size in primates (Evans et al. 2004 (Evans et al. , 2006 Kouprina et al. 2004; Pavlicek and Jurka 2006; Wang and Su 2004 ). Yet, there is no known biochemical or developmental mechanism by which a series of amino acid changes in the proteins encoded by these genes might have caused a gradual increase in brain size over the evolution of primates. In cases of this sort, before the claim of positive selection is made, the hypothesis of a relaxation of purifying selection must be ruled out, since if the latter explanation turns out to be correct, it may be evidence that rather than playing an important role in the evolution of the phenotype in question, the protein studied is particularly unimportant for that phenotypic change (Hughes 2007) .
In this study, we employ an empirical approach to examine the relationship between b S and b N and the results of the branch-site method of Zhang et al. (2005) across a phylogeny of mammals belonging to three orders (Primates, Carnivora, and Rodentia), chosen so as to provide internal and terminal branches of a variety of different lengths. We estimated b S and b N for each of a sample of 69 single-copy orthologous genes from each of seven species, including the microcephalin and ASPM genes previously proposed as cases of positive selection in primates. We applied the branch-site method of Zhang et al. (2005) separately to each branch of the phylogeny for each gene. In addition, because a number of previous studies have provided evidence of an accelerated rate of amino acid sequence evolution in proteins of the vertebrate immune system (Murphy 1993; Hughes 1997) , we tested for differences with respect to the pattern of b S and b N and positive selection inferred by the branch-site method across the phylogeny between immune system genes, genes involved in non-immune signaling functions, and other genes.
Materials and methods

Sequence retrieval
Genome-wide sequence data were retrieved from Ensembl (Hubbard et al. 2007 ) for the following species (Linnean name and database version in parentheses): (1) from the order Primates: human (Homo sapiens NCBI 36), chimp (Pan troglodytes PanTro 2.1), and rhesus (Macaca mulatta Mmul 1.0); from the order Carnivora: dog (Canis lupus familiaris CanFam 2.0); and from the order Rodentia: mouse (Mus musculus NCBI m36) and rat (Rattus norvegicus RGSC 3.4). Sequences for another member of Carnivora, the cat (Felis catus), were obtained from Genbank (Benson et al. 2007) in February 2007. Data on the human genome physical map were also retrieved from Ensembl so that overlapping and unmapped genes could be identified and removed. For all species except cat, alternate transcripts were identified by the Ensembl gene naming system and removed. The protein-coding genes of all species (n=135,698) were then clustered into gene families (n=19,027) by BLASTCLUST (Altschul et al. 1997) using default values except for a 50/70 criterion (Hughes et al. 2005a) where 50% is the minimum amino acid similarity between any two matching sequences across at least 70% of the aligned lengths. Once all pairs of similar sequences were identified, BLASTCLUST then clustered them into sets of orthologs by a single-linkage method.
Sequences with each set of orthologous genes were globally aligned at the amino acid level using ClustalW (Thompson et al. 1994) , and the alignment was imposed on the DNA sequence. To check that the genes were true orthologs, an unrooted phylogenetic tree of amino acid sequences was constructed for each family by the quartet puzzling method (Treepuzzle; Schmidt et al. 2002 ) with the JTT model of sequence evolution (Jones et al. 1992 ) and rates varying among sites according to a gamma distribution, and by the neighbor-joining (NJ; Saitou and Nei 1987) method using the JTT distance.
The total number of gene families was 69 after removing those lacking a single representative from all seven species and those for which the gene tree was not congruent with the species tree (Supplementary Table S1 ). The 69 genes were categorized functionally based on the published literature. A gene was categorized as an immune-system gene if its primary expression is in one or more of the specialized cells of the vertebrate immune system. A gene was classified as involved in cell-cell signaling if it encodes a signaling molecule (such as a cytokine or hormone) or the receptor for a signaling molecule.
Data analysis
The number of synonymous substitutions per synonymous site (b S ) and the number of non-synonymous substitutions per non-synonymous site (b N ) along each branch of the phylogenetic trees for each of the 69 sets of orthologs (total 759 individual branches in individual genes) were estimated by the maximum likelihood method using phylogenetic analysis by maximum likelihood (PAML; Yang 1997), given the unrooted phylogenetic tree with topology as illustrated in Fig. 1 . Default parameters were specified in PAML except for the following parameters which were estimated separately for each set of orthologs: ratio of transitions to transversions, the shape parameter of the gamma-distributed evolutionary rate variation among sites, Fig. 1 NJ tree of BRCA2 amino acid sequences illustrating the numbering scheme for branches used in this paper and codon frequencies. Rates of evolution were allowed to vary among branches.
We applied the branch-site method of Zhang et al. (2005) to each branch in each gene. In this method, a certain branch or set of branches (foreground) are chosen as those to which a positive selection model is to be applied, while a null model is applied to the other branches in the tree (background). In the present case, we chose each individual branch as the foreground, with the other branches as background. The null model assumes that, in both background and foreground, a proportion ( p 0 ) of codons have a ratio d N /d S equal to 5 0 , where 0<5 0 <1; and that a proportion ( p 1 ) of codons have a ratio d N /d S equal to 5 1 = 1. In the selection model, there are two additional classes of codons: (1) 
S equals w 0 in the background but w 2 in the foreground, where w 2 >1, and (2) 
S equals w 1 in the background but w 2 in the foreground. In the likelihood ratio test comparing the two models, we used 2.71 as the 5% significance level and 5.41 as the 1% significance level following Zhang et al. (2005) . We used the Bayes empirical Bayes (BEB) method to identify individual codons inferred to be subject to positive selection .
To provide a measure of how divergent a given value of b S or b N was in comparison to corresponding values for the same gene, we computed standardized scores (normalized scores or Z scores) for each value of b S and b N . The standardized score was computed by the formula x i À x ð Þ=SD, where x i is the ith individual value of b S or b N , x is the mean value for of b S or b N for the gene, and SD is the standard deviation of b S or b N for the gene.
We used Nei and Gojobori's (1986) method to estimate the proportion of synonymous substitutions per synonymous site ( p S ) and the proportion of non-synonymous substitutions per non-synonymous site ( p N ) at individual codons identified as "positively selected" by the branch-site method. We used this simple counting method because the assumptions of more complex methods are not met in the case of individual codons. The ancestral sequence at these codons was reconstructed by the maximum parsimony method (Swofford 1999) .
In certain statistical analyses, the individual branch (N= 759) was the unit of analysis, since substitutions along each individual branch are expected to be independent of those on other individual branches. In other analyses, the branch of the tree (N=11) was the unit of the analysis; in the latter case, the means of certain quantities were computed for all 69 individual branches corresponding to the 69 individual genes. Because the distributions of b S and b N were nonnormal (see "Results"), we used nonparametric methods in most analyses. Statistical analyses were conducted using the Minitab statistical package, release 13 (http://www. minitab.com).
Results
Theoretical study
Consider a given codon, either in a pairwise comparison of two sequences or across a phylogeny of a number of sequences. Let x be the number of synonymous substitutions per synonymous site occurring at that codon. Whatever method is used to estimate synonymous and non-synonymous substitutions, x will be a continuous variable taking values from 0 to ∞. If P CS (x) is the probability of x synonymous substitutions per synonymous site at a codon, we can define the cumulative distribution function
Likewise, if P CN (x) is the probability of x nonsynonymous differences per non-synonymous site at a codon, we can define the cumulative distribution function
The so-called codon-based tests of positive selection depend on the assumption that the existence of one or more codons with d N >d S implies positive selection. This assumption is false if there exists in the universe even a single codon for which, in the absence of positive selection,
However, it is likely that inequality 3 holds in many cases. To see this, let us consider a simple example involving discrete distributions. In practice, codon-based methods generally identify as "positively selected" any codon at which there are no synonymous differences and one or more non-synonymous differences (see "Results" below). Considering only cases where the number of synonymous differences can take positive integral values, let Q CS (i) be the probability of exactly n synonymous differences at a given codon (i =0, 1, 2…∞). Then, the cumulative distribution function, which gives the probability that there are n or fewer synonymous differences at a codon, is
If Q CN (i) be the probability of exactly non-synonymous differences at a given codon (i=0, 1, 2…∞), the cumulative distribution function, which gives the probability that there are n or fewer non-synonymous differences at a codon, is
Codons with no synonymous differences and one or more non-synonymous differences will occur in the absence of positive selection as long as
To show that this condition will often be met, we assumed a simple model by which synonymous and nonsynonymous substitution follow Poisson distributions with different means. The effect of purifying selection was modeled by a lower mean number of differences per codon for non-synonymous substitutions than for synonymous substitutions. We modeled cases where the observed proportion of non-synonymous substitutions per nonsynonymous site ( p N ) is some fraction (0.1, 0.2, or 0.5) of the observed proportion of synonymous substitutions per synonymous site ( p S ; Fig. 2 ). To translate p S and p N into the expected numbers of synonymous and non-synonymous substitutions per codon (designated, respectively, μ S and μ N ), we multiplied by the average number of synonymous sites per codon (0.745) and the average number of nonsynonymous sites per codon (2.255) estimated by Hughes and Friedman (2005) for nearly two million fungal codons using the modified Nei-Gojobori method (Zhang et al. 1998 ) with a transition/transversion ratio of 4.5.
The results show that a certain number of codons with no synonymous differences and one or more non-synonymous differences are expected to occur even under strong purifying selection. Even when p S =0.10 and p N =0.01, it is expected that about 2% of codons will have this property (Fig. 2) . As purifying selection becomes relaxed, the proportion of such codons increases (Fig. 2) . Even though this model is oversimplified, it is worth noting that it provides a good fit to the data of Hughes and Friedman (2005) who conducted a codon-by-codon comparison of orthologous genes between two closely related species of fungi. Using the observed p S (0.317) and p N (0.040) in that data set and the same assumptions used in generating Fig. 2 , we predict that about 6.7% of codons should have no synonymous differences and one or more non-synonymous differences. The observed frequency of codons with p N >p S in that data set was 6.5% (Hughes and Friedman 2005) .
It should be obvious that similar reasoning can apply to the estimation of the number of synonymous substitutions per synonymous site (b S ) and the number of nonsynonymous substitutions per non-synonymous site (b N ) along branches of a phylogenetic tree. When branch lengths are very short, the probability that b S is equal to zero or nearly zero becomes large. Under those circumstances, there will be a nonzero probability that b N will exceed b S by chance alone, even under strong purifying selection.
Differences among branches
The number of synonymous substitutions per synonymous site (b S ) and the number of non-synonymous substitutions per non-synonymous site (b N ) were estimated separately for 69 genes along each branch of the phylogenetic tree of seven mammalian species (Fig. 1) . Both mean b S and mean b N varied substantially among the 11 branches of the tree ( Table 1 ). The largest mean b S (that for branch 11, ancestral to the common ancestor of mouse and rat) was more than 75 times the smallest mean b S (that for branch 1, ancestral to human; Table 1 When all 759 branches for the 69 genes were analyzed separately, b S was greater than b N in the case of 685 branches (90.2%); b N was greater than b S in the case of 72 branches (9.5%); and b S and b N were equal in the case of two branches (0.3%). The predominance of branches with b S >b N was highly significant (sign test; P<0.001), as expected given the prevalence of purifying selection on protein-coding genes (Nei 1987) . However, the occurrence of genes with b N >b S was not uniform throughout the tree; rather, cases of b N >b S were significantly more likely to occur on certain branches than on others (χ 2 =49.7; 10 df; P<0.001; Fig. 3a) . The percentages of genes with b N >b S was highest on the terminal branches ancestral to human (branch 1) and chimp (branch 2) and on the internal branch leading to the human/chimp ancestor (branch 3), while no Fig. 2 Probability of a codon with no synonymous differences and one or more non-synonymous differences, as a function of p S . Curves are plotted for three different p N /p S ratios: 0.1, 0.2, and 0.5. A Poisson distribution is assumed and the expected numbers of synonymous and non-synonymous sites per codon (0.745 and 2.255, respectively) are based on the data of Hughes and Friedman (2005) genes showed b N >b S on the internal branch leading to the mouse/rat ancestor (branch 11; Fig. 3a) .
Using mean b S along a branch as a measure of the evolutionary time along that branch, we tested the hypothesis that b N was more likely to exceed b S on shorter branches, in other words, those corresponding to shorter evolutionary time spans (Fig. 3b ). There was a strong negative rank correlation coefficient (r S =−0.817; P=0.002) between mean b S and the percentage of genes with b N > b S (Fig. 3b) .
The coefficient of variation (CV; the standard deviation expressed as a percent of the mean) provides a scale-free measure of variability. For all 11 branches, CV in b N was greater than CV in b S for the same branch (sign test; P= 0.001; Fig. 3c ). CV in both b S and b N was significantly negatively correlated with mean b S (Fig. 3c) . Thus, both b S and b N showed greater levels of variability in shorter branches.
Functional categories
When genes were categorized by immune system function and function in cell-cell signaling, there was no difference among categories with respect to median b S (Fig. 4a) . However, median b N differed significantly among categories, with the highest median b N occurring in genes with immune system function but not signaling function (Fig. 4b) . In individual comparisons, median b N for each of the other categories differed significantly from that for genes with immune system function but not signaling function (Fig. 4b) . The same pattern was seen when the analysis was applied to b N /b S (Fig. 4c ). In the latter case, a total of ten individual branches were excluded because b N /b S was undefined (Fig. 4c) . Overall, the results showed increased average b N in genes encoding immune system proteins, particularly immune system proteins not directly involved in cell-cell signaling.
To examine how the distinct pattern of evolution in immune system genes was related to branch length, we plotted the ratio of mean b N in immune system genes to that in other genes against mean b S for the 11 branches (Fig. 5 ). There was a strong positive correlation between these two quantities (r S =0.745; P=0.008; Fig. 5a ). Branch 1 (ancestral to human) was an influential point in this relationship; branch 1 had both the lowest mean b S and the lowest ratio of mean b N in immune system genes to that in other genes (Fig. 5) . However, even when this point was removed, there was still a positive correlation between mean b S and the ratio of mean b N in immune system genes to that in other genes (r S =0.673; P=0.033).
We classified each individual branch based on whether or not b N >b S and whether or not the gene had immune system function, and we examined the relationship between these two classificatory variables separately for branches 1-4 of the phylogenetic tree and branches 5-11 of the phylogenetic tree. These separate analyses were conducted because branches 1-4 were the shortest branches and included a substantial majority (50/72) of individual branches with b N >b S (Fig. 1) . In the case of branches 1-4, there was not a significant association between b N >b S and immune function (χ 2 =1.80; 1 df; n.s.). In the case of branches 1-4, 24 of 156 (15.4%) individual branches from genes without immune system function had b N >b S , while 26 of 120 (21.7%) individual branches from genes with immune system function had b N >b S . On the other hand, in the case of branches 5-11, there was a significant association between b N >b S and immune function (χ 2 = 8.02; 1 df; P=0.005). In the case of branches 5-11, only six of 273 (2.2%) individual branches from genes without immune system function had b N >b S , whereas 16 of 210 (7.6%) individual branches from genes with immune system function had b N >b S .
The ASPM and microcephalin loci, previously identified as candidates for positive selection relating to brain size (Dunn 1964) between the Im+/Sig− category and other categories: *P<0.05; **P<0.01; ***P< 0.001. Numbers of individual branches in each category are indicated in a and c increase in primates (Evans et al. 2004 (Evans et al. , 2006 Kouprina et al. 2004; Pavlicek and Jurka 2006; Wang and Su 2004) were among the 69 genes analyzed here. In the present analysis, no branch of the ASPM tree showed b N >b S . In the microcephalin tree, only one branch (branch 3, ancestral to human and chimp, Fig. 1 ) showed b N >b S , and on that branch, both b S (0.0069) and b N (0.0139) were quite low.
Branch-site method
We applied the branch site method of Zhang et al. (2005) , in turn setting each of the 759 branches in turn as the "foreground." The likelihood ratio test yielded a significant result at the 5% level in the case of 82 branches (10.8% of total). The likelihood ratio test was significant in the case of only seven of the 72 branches with b N >b S (9.7%). A similar proportion of the remaining branches (75/687 or 10.9%) showed significant likelihood ratio tests. There was not a significant difference between branches with b N >b S and other branches with respect to the proportion of branches with significant likelihood ratio tests (χ 2 =0.10: 1 df; n.s.). Likewise, there was not a significant difference with respect to frequency of a significant likelihood ratio test between branches from genes with immune system function (39/330 or 11.8%) and those without immune system function (43/429 or 10.0%; χ 2 =0.62; 1 df; n.s.). The likelihood ratio test was not significant for any branch in the case of either the ASPM gene or the microcephalin gene.
A more stringent criterion for cases where the branchsite method infers "positive selection" would be to include only cases with both a significant (P<0.05) likelihood ratio test and one or more codons with 95% or greater probability of w>1 by the BEB method. A total of 35 branches met this criterion. There was not a significant difference in the proportion of branches deemed significant by this criterion between those with b N >b S (3/72 or 4.2%) and other branches (32/687 or 4.7%; χ 2 =0.04: 1 df; n.s.). Likewise, there was not a significant difference in the proportion of branches deemed significant by this criterion between branches from genes with immune system function (17/330 or 5.2%) and those without immune system function (18/429 or 4.2%; χ 2 =0.38; 1 df; n.s.). A total of 117 codons from 28 genes were identified as "positively selected" by a significant likelihood ratio test and 95% probability of w>1. These codons occurred on all 11 branches of the tree except branch 2 (ancestral to chimpanzee; Fig. 1 ). We used partial rank correlation to analyze the relationships between standardized scores of b S and b N and the number of codons identified as "positively selected." We computed second-order partial rank correlations among these three variables simultaneously controlling for the other two variables. There was a significant positive partial rank correlation between the standardized score of b S and that of b N (0.813; P<0.001). There was also a significant positive partial rank correlation between the standardized score of b N and the number of "positively selected" codons (0.219; P<0.001). On the other hand, there was a significant negative partial rank correlation between the standardized score of b S and the number of "positively selected" codons (−0.128; P<0.001). Similarly, we used standardized scores of b S and that of b N as predictor variables in a logistic regression predicting "positive selection" on a branch. There were significant effects (P<0.001) of standardized scores of both b S and that of b N ; but the coefficient for the former was negative (−0.993), while that for the latter was positive (+1.573). Thus, "positive selection" was in general associated with unusually low b S on a branch but with unusually high b N .
Using Nei and Gojobori's (1986) method, we estimated the proportions of synonymous (p S ) and non-synonymous ( p N ) differences at these codons along the "positively selected" branch. At 67 of 117 codons (57.3%), there were no synonymous differences (Fig. 6) . At the remaining 50 codons, the distributions of p S and p N were very similar (Fig. 6 ). In the case of these 50 codons, mean p S was Fig. 6 Histograms of p S (cross-hatched bars) and p N (solid bars) between 117 codons identified as positively selected by the branchsite method and their immediate ancestors (reconstructed by maximum parsimony) Fig. 5 Plot of the ration of mean b N in immune system genes to mean b N in other genes vs. mean b S (r S =0.745; P=0.008); the points corresponding to each branch of the tree is numbered as in Fig. 1 1.074±0.071 S.E. (median=1.000), mean p N was 0.985± 0.018 (median=1.000), and mean p N /p S was 1.083±0.066 (median=1.000).
The 67 "positively selected" codons at which there were no synonymous differences were found on 27 of the 759 total branches. None of these branches showed a value of b S equal to zero. In fact, median b S for these 27 branches (0.1142) was slightly but significantly higher than that (0.0847) for the remaining 732 branches (P= 0.037; Kruskal-Wallis test). These results suggest that these 67 codons represented codons at which synonymous substitution was unusually low in comparison to that in other codons in the gene along the same branch.
Somewhat surprisingly, the 117 "positively selected" codons included five at which no amino acid difference was observed. Rather, at these five codons, a change occurred between the two sets of serine codons. This was reconstructed as involving non-synonymous substitutions because no single-step pathway exists between the two sets of serine codons that involves only synonymous substitutions.
Discussion
Using basic probability theory, we showed that there is a substantial likelihood that even in the presence of purifying selection, there will be a number of codons in which the number of synonymous nucleotide substitutions per site (d S ) exceeds the number of non-synonymous nucleotide substitutions per site (d N ). A simple model showed that probability that such codons increase as d N increases relative to d S ; yet, even under very strong purifying selection, there is a substantial probability that such codons will occur. Although the model we examined made simplifying assumptions, the results provided a very good fit to data based on the codonby-codon comparison of two closely related fungal genomes (Hughes and Friedman 2005) .
In an empirical study, we examined the relationship between the number of synonymous substitutions per synonymous site (b S ) and the number of non-synonymous substitutions per non-synonymous site (b N ) along branches of the phylogenies of 69 single-copy orthologous genes from seven species of mammals belonging to three orders (primates, rodents, and carnivores). A pattern of b N >b S was most commonly seen in the shortest branches of the tree and was associated with a high coefficient of variation in both b N and b S . This in turn suggests that high stochastic error in b N and b S on short branches, rather than positive Darwinian selection, is the explanation of most cases where b N is greater than b S on a given branch.
Branches with b N >b S were much more frequently observed in the portion of the tree (branches 1-4, Fig. 1 ) that corresponded to the primate phylogeny. If every case of b N >b S was taken as a case of positive selection, one might conclude on this basis that positive selection is more frequent in the primates than in carnivores or rodents. However, the shortest branches in the phylogeny were those involving primates. Human and chimpanzee are more closely related than any other pair of species analyzed, and the internal branch between the common ancestor of human, chimp, and rhesus and the common ancestor of human and chimp (branch 3, Fig. 1 ) was the shortest internal branch in the phylogeny. Thus, the high incidence of b N >b S in the primate portion of the tree appears to be an artifactual effect of short branches rather than evidence of an unusually high incidence of positive selection in primates.
ASPM and microcephalin are two loci at which mutations in human are known to affect brain size and at which previous studies had suggested accelerated rates of non-synonymous substitution in primates (Evans et al. 2004 (Evans et al. , 2006 Kouprina et al. 2004; Pavlicek and Jurka 2006; Wang and Su 2004) . In the present analyses, no branches in the ASPM tree showed b N >b S . In the microcephalin tree, only one branch (branch 3, ancestral to human and chimp; Fig. 1 ) showed b N >b S , but on that branch, both b S and b N were rather low. Furthermore, neither gene showed a significant result in the branch-site test for positive selection.
The branch-site test for positive selection yielded results that were not concordant with the results of comparing b S and b N . While the pattern of b N >b S was most often seen on short branches, the branch-site method tended to infer positive selection on branches with unusually high levels of non-synonymous divergence but low levels of synonymous divergence in comparison with other branches in a given phylogenetic tree. This pattern is exactly what we would expect if the cases of "positive selection" identified by the branch-site test in fact represent cases where of d N >d S occurs by chance, since elevation of non-synonymous substitution relative to synonymous substitution is predicted to increase the frequency of such codons by chance alone (Fig. 2) .
In addition, there were a number of anomalous aspects to the results of the branch-site tests that suggested that few, if any, of these cases involved genuine positive selection. First, a majority of the 117 codons identified as subject to positive selection were codons at which non-synonymous but not synonymous differences occurred. Since all of these codons were on branches on which at least some synonymous substitutions occurred, this finding implies that synonymous substitution was unusually low at these codons. Therefore, it is not possible to rule out the hypothesis that the high ω inferred at these codons was due in many cases to a chance reduction in synonymous substitution rather than to the elevation of non-synonymous substitution by positive selection. At the remaining codons, by contrast, the proportion of synonymous and nonsynonymous substitutions were actually very similar, contrary to what is expected under positive selection. Thus, the branch-site method proved incapable of deciding between the hypothesis that positive selection is acting at these sites and the alternative hypothesis that the observed patterns are due to the random variation in ω across codons (Hughes and Friedman 2005) .
An additional troubling aspect of the branch-site method was that at five of the codons at which positive selection was inferred, no amino acid change occurred; rather, at these five codons, the inferred positive selection involved the use of the different sets of serine codons. It is not well understood how the use of the different sets of serine codons arises in evolution. It is possible that in some cases, a slightly deleterious non-synonymous mutation may occur, replacing serine with some other amino acid. If this slightly deleterious mutation becomes fixed during a population bottleneck (Ohta 2002 ), a subsequent mutation may occur that reintroduces serine at that site but that uses a different codon set from the one used ancestrally. The latter mutation might then be fixed as a result of positive selection. In this scenario, positive selection would be involved in the substitution of a codon from one serine codon set for a codon from the other set, but positive selection would not be the only process involved. Furthermore, since no net increase in adaptation would result, this process would not amount to Darwinian evolution as usually understood.
On the other hand, it is possible that complex mutational processes (Ripley 1999) occur that allow replacement of one serine codon set by the other in a single mutational step, in which case, positive selection would not be involved at all. There is some evidence in support of the hypothesis that mutations between the two serine codon sets occur much more frequently than would be expected if mutation proceeds in single-substitution steps. For example, a survey of 17,502 alignments of vertebrate orthologs showed that changes between the two serine codon sets occurred more frequently than any amino acid replacement at a serine codon requiring two or three mutational steps (Schneider et al. 2005 ). In addition, repeated arrays of serine codons often include a mixture of codons from both sets (Huntley and Golding 2004) .
An additional problem with the branch-site method is that the set of codons inferred to be subject to positive selection may have included some where the alignment was uncertain. In this study, we conducted alignments by an automated process, and individual alignments were not improved by eye. Such a procedure-commonly used in studies that apply codon-based methods at a genome-wide scale-increases the danger of incorrectly inferring positive selection. Because of the focus on a few non-synonymous differences at one or more individual codons, the codonbased methods are extraordinarily sensitive to the effects of sequencing error or misalignment (Wong et al. 2008) .
Consistent with previous data showing an unusually high rate of amino acid replacement in proteins having immune system functions (Murphy 1993; Hughes 1997) , our results showed consistently elevated b N and b N /b S in immune system genes. Neither the search for branches with b N >b S nor the branch-site method uncovered this aspect of the data. Unlike the majority of cases with b N >b S , which occurred on short branches, the enhanced rate of nonsynonymous substitution was most apparent in the longer branches of the tree. Thus, the results support a reduction of the strength of purifying selection in immune system genes in comparison to other genes.
The factors causing the relaxation of purifying selection in immune system genes remain poorly understood (Hughes et al. 2005b ). Many immune system proteins are involved in cell-cell signaling, and one hypothesis might be that the relaxation of purifying selection is a characteristic of proteins involved in such signaling in general and not of immune system proteins in particular. However, in the present data, the relaxation of purifying selection was strongest in immune system proteins other than cytokines and their receptors. In the present data set, the immune system proteins other than cytokines and their receptors included a number of Toll-like receptors and leukocyte surface proteins such as CD2, CD8α, CD8β, and CD28 (Supplementary Table S1 ). Our results suggested that on average, cytokines and their receptors are subject to greater functional constraint than other immune system proteins. Such functional constraint might arise from the interaction between receptor and signal (Bagley et al. 2001) .
In addition to a simple relaxation of constraint, it is possible that the accelerated rate of non-synonymous substitution in immune system proteins represents positive selection, at least in some cases. Positive selection on the genes of the vertebrate major histocompatibility complex, which encodes proteins that function in immune recognition of foreign peptides, is well documented (Hughes and Nei 1988; Hughes et al. 1994 ). The present data include Toll-like receptors, which are also involved in pathogen recognition (Dunne and O'Neill 2005) , and thus may conceivably be subject to a co-evolutionary process with pathogens.
However, many proteins of the vertebrate immune system are not involved directly in pathogen recognition; for example, co-receptor molecules such as the CD8αβ heterodimer (Lustgarten et al. 1991) , both chains of which were included in the present data set (Supplementary Table S1 ). Therefore, if positive selection acts on the latter genes, this selection may have some other basis. One hypothesis is that such selection arises as a result of adaptations on the part of pathogens-particularly viruses-that disrupt immune system function or that make use of immune system cellsurface proteins to gain entrance into host cells (Murphy 1993) .
In summary, an accelerated rate of non-synonymous substitution in immune system genes constituted a major signal in the present data set, and positive Darwinian selection may have played a role in producing this pattern. Ironically, however, this signal was completely missed by the two most commonly used methods of testing for positive selection on branches of phylogenetic trees, namely, the comparison of b S and b N and the branch-site method. The inability of these methods to detect such a strong and biologically relevant signal provides further support for the conclusion that these methods focus largely on statistical artifacts and do not reveal any meaningful aspects of sequence evolution.
